Introduction: Magneto-motive ultrasound (MMUS) combines magnetism and ultrasound (US) to detect magnetic nanoparticles in soft tissues. One type of MMUS called shear-wave dispersion magneto-motive ultrasound (SDMMUS) analyzes magnetically induced shear waves (SW) to quantify the elasticity and viscosity of the medium. The lack of an established presets or protocols for pre-clinical and clinical studies currently limits the use of MMUS techniques in the clinical setting. Methods: This paper proposes a platform to acquire, process, and analyze MMUS and SDMMUS data integrated with a clinical ultrasound equipment. For this purpose, we developed an easy-to-use graphical user interface, written in C++/Qt4, to create an MMUS pulse sequence and collect the ultrasonic data. We designed a graphic interface written in MATLAB to process, display, and analyze the MMUS images. To exemplify how useful the platform is, we conducted two experiments, namely (i) MMUS imaging to detect magnetic particles in the stomach of a rat, and (ii) SDMMUS to estimate the viscoelasticity of a tissue-mimicking phantom containing a spherical target of ferrite. Results: The developed software proved to be an easy-to-use platform to automate the acquisition of MMUS/SDMMUS data and image processing. In an in vivo experiment, the MMUS technique detected an area of 6.32 ± 1.32 mm 2 where magnetic particles were heterogeneously distributed in the stomach of the rat. The SDMMUS method gave elasticity and viscosity values of 5.05 ± 0.18 kPa and 2.01 ± 0.09 Pa.s, respectively, for a tissue-mimicking phantom. Conclusion: Implementation of an MMUS platform with addressed presets and protocols provides a step toward the clinical implementation of MMUS imaging equipment. This platform may help to localize magnetic particles and quantify the elasticity and viscosity of soft tissues, paving a way for its use in pre-clinical and clinical studies.
Introduction
Magneto-motive ultrasound (MMUS) has been used to localize magnetic nanoparticles within soft tissues, and allows the generation of ultrasound-based molecular imaging. Most of the nanoparticles are weak contrast agents to ultrasound, including magnetic nanoparticles. MMUS can overcome this issue by detecting the motion induced by the interaction between an external magnetic field and the magnetic nanoparticles as ultrasonic echoes (Oh et al., 2006) . A continuous-time harmonic magnetic field with frequency in order of few Hertz, or a burst of magnetic field pulses, usually excites the magnetic nanoparticles (Mehrmohammadi et al., 2011c) . Using this technique researchers have also investigated MMUS to evaluate the viscoelasticity of soft tissues by tracking the shear waves induced by motion of the magnetic nanoparticles (Almeida et al., 2014; Pavan et al., 2012) , a method known as shear-wave dispersion magneto-motive ultrasound (SDMMUS) (Almeida et al., 2014) . The velocity and attenuation of the shear waves can be analyzed to obtain the elasticity and viscosity of the medium (Zhao et al., 2010) .
In MMUS and SDMMUS, the ultrasound system needs a high frame rate to capture the induced harmonic motion and shear waves. Enhanced hardware systems are costly (Jensen et al., 2013; Kaczkowski and Daigle, 2011) , but they could provide real-time MMUS imaging. Some clinical ultrasound equipment provide a graphical user interface, called ultrasound research interface (URI) (Wilson et al., 2006) . This research interface can be configured to collect radiofrequency (RF) data at high frame rates (>1 kHz), which can be processed by applying a speckle-tracking algorithm (Viola and Walker, 2005; Zahiri-Azar et al., 2010) to monitor motion with frequencies in the order of hundreds of hertz (Sarvazyan et al., 2013) . Unfortunately, the commercial URI systems are expensive, limited, or not Volume 32, Number 4, p. 337-346, 2016 flexible enough to evaluate and test novel ultrasound techniques. Efforts have focused on incorporating software interfaces in the commercial ultrasound equipment (Hemmsen et al., 2012; Shamdasani et al., 2008) to facilitate the implementation of new techniques, such as 2-D temperature imaging and vibro-acustography. This strategy could provide a more accessible and available platform for clinical application (Liu and Ebbini, 2010; Urban et al., 2011) .
Despite the various applications of MMUS, there has been little attention in its implementation in the clinical setting. Successful implementation of MMUS and SDMMUS can provide new opportunities for clinical applications of ultrasound imaging, such as localization of brachytherapy seeds (McAleavey et al., 2003) , monitoring of stomach emptying , estimation of tissue viscoelasticity (Almeida et al., 2015) and molecular imaging (Evertsson et al., 2014) . Moreover, combining photoacoustics with MMUS can also help to improve the sensitivity of the technique to detect multifunctional nanoparticles with multiple contrast mechanisms (Jin et al., 2010; Qu et al., 2011) This study aimed to develop a more practical MMUS platform for application in pre-clinical and clinical trials. We present a new platform dedicated to the MMUS technique based on a software for data acquisition (MMUS-A) and another software for image processing (MMUS-PA). We have explored the MMUS technique to achieve dedicated pulse sequences, and we have created an optimized configuration to acquire and process the RF data. We have characterized the developed platform through an SDMMUS experiment and obtained the mechanical properties of a tissuemimicking phantom; we have also conducted an in vivo study to localize magnetic particles in the stomach of a rat. The developed system relies on a protocol that is compatible with most of the clinical ultrasound systems, paving the way for the use of MMUS in the clinical setting. Figure 1a shows a diagram of a typical MMUS laboratory system. Our system consisted of a dual-channel waveform generator (33522a, Agilent, California, USA), an audio power amplifier (5000W -Dynamic 20.000 Ω2, Ciclotron, Brazil) connected to a solenoid (coil) to generate the magnetic field, and a clinical ultrasound equipment (Sonix RP, Ultrasonix, Canada). The waveform generator was connected to the ultrasound equipment via universal serial bus (USB) to synchronize the pulse-eco sequence with the magnetic field generated by the coil. Two ultrasonic probes (L14-5/38; EC9-5/10, Ultrasonix, Canada) with central frequencies of 7.2 MHz and 6.5 MHz were used.
Methods

Laboratory system overview
A user interface called MMUS-A was developed in Visual Studio Express 2010 (Microsoft, USA) with C++ and Qt4 (Digia, Finland). The software development kit: IVI-COM 1.0.1 (IVI Foundation, USA) and Texo 5.7.4 (Ultrasonix, Canada) provide the capability to control both the ultrasound equipment and waveform generator. Qt4 provides classes to create threads, images, and network (Qt, 2016) , which were used to create an abstraction presented by an object-oriented environment with the functionalities depicted in Figure 1b . The blue box in Figure 1b highlights the editable functionalities of the user interface and generates a synchronized pulse sequence for MMUS. The white box highlights the software function that shows real-time B-mode images and transfers the acquired data through a Transmission Control Protocol/Internet Protocol (TCP/IP) cable connected to an external personal computer (PC). Figure 1c illustrates the final user interface.
Design of the pulse sequence
The MMUS pulse sequence was implemented by combining a synchronized beamforming pulse-echo with a magnetic field burst. Pulsed MMUS is more desirable than continuous MMUS to avoid coil heating (Mehrmohammadi et al., 2011a) . Thus, user can define the settings that include the ultrasonic beamforming parameters, the magnetic field shape (e.g., sinusoidal), the magnetic field frequency f B , and the excitation duration T B to allow automated acquisition.
The high frame rate (HFR) sub-sector method (Zahiri-Azar et al., 2010) is a pulse-echo beamforming technique that was implemented by emitting ultrasound waves from all the available channels; which are 128 transmitting channels. Then, a delay-and-sum algorithm was applied. The frame rate fr is inversely proportional to the number of received scanlines and the number of scanlines determines the size of a sector (Cobbold, 2006) . Therefore, HFR beamforming overcomes frame rate limitations in the clinical hardware by creating sub-sectors containing fewer scanlines than the full sector. Then, the data corresponding to each sub-sector are concatenated into a full sector (Zahiri-Azar et al., 2010) . According to the HFR method, the number of sub-sectors increases the total duration of an acquisition proportionally, raising the number of emissions.
The interaction between magnetic particles and the magnetic field lead the magnetic force F B to be twofold the value of the magnetic field frequency 2011b; Oh et al., 2006) . Hence, according to the Nyquist theorem, fr has to be greater than 2 B F f . This condition is essential to visualize the magnetically induced motion during magnetic excitation (Oh et al., 2006) , without aliasing artifacts. The pulse sequence was designed to fit all those requirements.
The pulse-echo mode and the magnetic excitation are turned on simultaneously. The magnetic field is applied during the ultrasonic scan time US T with a duration of B T , which must be less than or equal to , US T ensuring the synchronism between subsequent sub-sectors. The MMUS pulse sequence was repeated 20 times (each sub-sector was composed of 5% of the total number of scanlines in the full sector) to cover 100% of the sector as follows:
1. The ultrasound scan and magnetic excitation were turned on;
2. After T B the magnetic excitation was turned off;
3. The ultrasound scan was turned off, and then sub-sectors acquired during US T were stored;
4. The next sub-sector th i was acquired according to steps 1 to 3; 5. Steps 1 to 4 were repeated at a repetition frequency of 1 US T to cover 100% of the sector; 6. After step 5, the sub-sectors were concatenated, stored into a HFR cineloop, and transferred to the PC.
We defined a group of default values, organized as presets, to help to automate the MMUS and SDMMUS experiments. The frame rate was set to 2000 Hz, at an axial depth of acquisition of 90 mm, by creating sub-sectors containing 5% (2 mm) of the total number of elements of the linear transducer (~40 mm) full sector. A sampling frequency of 40 MHz was used to capture the RF data, which can be processed to obtain displacements in the order of a few microns (Viola and Walker, 2005) . The magnetic pulses were calibrated and defined as a burst of sinusoidal cycles with frequency in the range of tens to hundreds of hertz, which was limited to a quarter of the Nyquist frequency. Table 1 summarizes the presets used in the experiments.
MMUS images generation
The RF data was processed by applying a motion tracking cross-correlation algorithm. The algorithm compared consecutive RF echoes that were axially displaced by the action of the magnetic force, to give the speckle time-delay (lag) in the pulse-echo axial direction. With this algorithm, magnetically induced motion was obtained over a region by using pairs of windowed RF echoes that were acquired under different instants of time. The size of the windows, given in millimeters, and the distance of adjacent windows (% of overlap) are the most important parameters of motion tracking in terms of spatial resolution (Viola and Walker, 2005) .
For a single element of the probe, a pair of consecutive scanlines was divided into overlapping windows by using a 1D rectangular window of 2 mm with a 50% overlap. Lagrange interpolation was applied around the maximum peak of the cross-correlation signal to obtain the motion between two consecutive RF echoes (Viola and Walker, 2005; Zahiri-Azar and Salcudean, 2006) . The algorithm was repeated for each element of the probe to generate an MMUS particle motion image u M . This image enabled visualization of the motion at each spatial location of the acquisition depth or a predefined region. The intensity of u M was adjusted to meters by dividing its value by twice the sampling frequency of ultrasound machine and then multiplying the result by the speed of sound, e.g., 1540 m/s (Cobbold, 2006 
All the aforementioned details of motion tracking were implemented in MMUS-PA, a platform that is used to obtain images and analyze motion. Figure 2 shows MMUS-PA, developed using MATLAB 2014a (MathWorks, USA) to display the offline B-mode, MMUS images, and the spectral analysis.
Experiments
Two experiments, namely (i) in vivo experiment and (ii) an experiment using a phantom, were conducted to exemplify how useful the platform is. The in vivo experiment involved detection of magnetic particles in the stomach of a rat. The phantom study was developed to estimate the elasticity and viscosity of the phantom by using SDMMUS.
We used the MMUS system described in the previous section to collect the data. The magnetizing field setup was calibrated to deliver a maximum magnetic field in the region of interest. For the phantom measurements, a cylindrical magnetic core of ferrite was used as a flux concentrator. All the experiments were conducted at room temperature of In the in vivo study (Colello Bruno et al., 2014) , we used a gavage needle to deliver ferrite particles (TH 50, Thornton Electronics, Brazil) of 50 µm average size, mixed in yogurt (Chandelle, Nestle, Switzerland) at a mass concentration of 10% directly in the stomach of a male Wistar rat (approximate weight of 300 g). An ultrasound microconvex probe (model EC9-5/10, Ultrasonix, Canada) was placed in the coil, as illustrated in Figure 3a . The ultrasound transducer focus and the magnetic field were positioned over the stomach region of the rat (Figure 3a) . The MUS RF data were acquired right after the gavage procedure. The coil (with the height of 14 mm, outer diameter of 92 mm, and inner diameter of 48 mm) was driven at 35 Hz with current amplitude of 1 A, to provide a peak of magnetic field of 5 mT at 50 mm away from the coil. Before the experiment, the rat was anesthetized with chloral hydrate 4% and had the abdomen shaved to improve acoustic coupling. The local Animal Ethics Committee approved all the procedures. For a more detailed description of this experiment, the reader is referred to (Colello Bruno et al., 2014) .
We analyzed the MMUS images after defining a region of interest (ROI), where the magnetic force induced the highest displacements with a frequency . For that, we analyzed thresholds between 5% and 95% of the highest relative energy of the particle velocity signal, which was used to generate a mask for locating and segmenting ROI precisely. This relative energy was estimated by the sum of square of the particle velocity signal.
ii) Phantom: production and analysis of shear wave
The phantom study, based on (Pavan et al., 2012) , was designed to induce shear waves due to the magnetic excitation. For this purpose, a rectangular phantom (50 × 50 × 25 mm) made of paraffin-gel wax was prepared according to the procedure described in (Vieira et al., 2013) . A spherical inclusion with a diameter of 7 mm, containing ferrite at a 50% mass concentration, was positioned inside the phantom. The coil (with the height of 22 mm, inner diameter of 45 mm, and outer diameter of 89 mm) was positioned near the phantom, so that the tip of the ferrite core was aligned with the sphere and positioned at a distance of 1 mm away from the surface of the phantom (see Figure 3b ). At this distance from the coil, a magnetic field with amplitude of 300 mT was generated synchronized with the ultrasound scan; both the magnetic excitation and the ultrasonic scan were gated by MMUS-A (see section "Design of the pulse sequence"). An ultrasound linear probe (model L14-5/38, Ultrasonix, Canada) was placed on the top of the phantom, perpendicularly to the axis of the coil, as depicted in Figure 3b .
The motion created by action of the magnetic force in the region of excitation (ROE) at time 0 t and depth of 0 y generated a shear wave that propagated through the phantom with group velocity g c . To obtain the group velocity of shear wave in the distance interval of 0 y and y, the time delay (2)
After estimating the group velocity, we applied a Gaussian filter to the signal of the shear wave and selected a 50% bandwidth at SW f . Then, we assumed that the SW signal was monochromatic during the analysis which gives the attenuation coefficient α according to:
In addition, we unwrapped the phase change φ along the axial direction y to estimate the phase velocity p c (Parolai, 2009) :
All the parameters (i.e., group velocity, phase velocity, and attenuation coefficient) were determined by using 10 experimental points obtained at different depths. g c and p c were obtained by fitting a linear polynomial to the curves ( , t) y ∆ ∆ and ( ) , t ∆φ ∆ , respectively. The amplitude decay was adjusted to exponential curve to obtain α . In addition, we calculated the R-squared value for each curve to indicate the model quality. Figure 4 shows the results obtained for the in vivo experiment. Figure 4a corresponds to a rat B-mode image overlaid with the MMUS image (red area), indicating the region where the maximum velocity of the particle was 4.0 mm/s. We determined this MMUS image region by detecting the region where the movements had a frequency of 70 ± 1 Hz. In Figure 4b , the same B-mode image is overlaid with the relative energy of the motion shown in Figure 4a . Also, we obtained the ROI area in Figure 4b by using a threshold percentage of 50% of the maximum relative energy, which presents a smaller area (see Figure 4b ) than the region shown in Figure 4a . We varied the threshold percentage between 5% and 95% of the maximum relative energy to measure the ROI area, the area calculated by using an ellipsoid approximation (Figure 4c ). We estimated areas of 8.25 ± 2.45 mm 2 , 6.32 ± 1.32 mm 2 , 4.85 ± 1.06 mm 2 , and 2.48 ± 0.28 mm 2 for the threshold percentages of 15%, 30%, 50%, and 95%, respectively. Figure 5 displays the results of the SDMMUS phantom experiment. Figure 5a contains a phantom B-mode image overlaid with the MMUS image (red area) indicating the region where the sphere was moved by an oscillating magnetic field in the frequency of 100 Hz with a duration of one cycle (T B = 10 ms). Figure 5b shows an image of MMUS M v versus time of a scanline at the lateral position of 1 mm (see Figure 5a ) and depicts the propagation of shear wave for T us = 50 ms.
Results
The ferrite sphere corresponded to the ROE area localized between the axial depths of 35 mm and 45 mm with a cross-section area of 38.48 mm 2 . When we used a percentage threshold of 30%, we estimated the ROE area as 42.14 ± 2.79 mm 2 . After the magnetic excitation at f B = 100 Hz a shear wave, identified by the arrow shown in Figure 5b , propagated from the ROE and reached the top of the phantom 15 ms after the beginning of the magnetic excitation. After that, the reflections emerged from the phantom/probe interface (in the region from 0 mm to 10 mm of axial depth) in the M v image. We obtained the power spectrum of the time signal for depths of 25 mm, final SW (SWf), 35 mm, initial SW (SWi), and 40 mm (ROE). Then, each time signal was splited into two 10 ms time-window which provided the spectral information about excitation (from 0 to 10 ms) and SW propagation (from 10 to 20 ms), as shown in Figure 5c . The peak frequencies of these three signals were different (Figure 5c ). We believe this shift in frequency is due to the viscoelastic behavior of the paraffin gel, which acts as a dispersive medium and attenuates higher shear wave frequencies. Figure 6 shows the images of MMUS M v at 10 ms (6a), 15 ms (6b), and 20 ms (6c) after the beginning of the magnetic excitation. These images were spatial representations, at fixed times, of the propagation of shear wave shown in Figure 5b . We estimated c g by choosing a time interval between 10 ms to 20 ms and a total distance of 10 mm (from a depth of acquisition in 25 mm to 35 mm).
Moreover, we applied a Gaussian filter with center frequency of 100 Hz and 50% bandwidth to provide the shear wave with a monochromatic signal to allow estimation of α and c p at 100 Hz. The group velocity, the attenuation coefficient, and the phase velocity were c g = 4.17 ± 0.74 m/s, α = 70.65 Neper/m, and c p = 2.88 ±0.07 m/s, respectively. Finally, elasticity and viscosity, quantified with the Kelvin-Voigt model (Zhao et al., 2010) , were 5.05 ± 0.18 kPa and 2.01 ± 0.09 Pa.s, respectively.
Discussion
Previous studies have reported on the applicability of MMUS and SDMMUS to obtain important information about soft tissues. However, these studies did not focus on the implementation of MMUS in clinical ultrasound scanners (Evertsson et al., 2014; Mehrmohammadi et al., 2011c; Oh et al., 2006) .
The present paper shows that the clinical ultrasound equipment are able to control MMUS magnetic excitation synchronized with ultrasound imaging. Moreover, synchronization with the software-controlled platform clearly is a more practical approach to MMUS imaging. As proposed here, it is possible to employ distinct probes to combine a setup that uses the ultrasound equipment to control all the MMUS acquisition parameters with the B-mode in a clinical setting. Reported results here, show that the linear array and the convex array can be placed in different positions not affecting the generation of MMUS images which attest the viability of MMUS in a clinical environment.
The motion-tracking algorithm (Viola and Walker, 2005) can be used at a fixed window size of 2 mm and 50% overlap to give MMUS images with axial resolution of almost 1 mm. In this case, the minimum detectable amplitude is limited by the standard deviation of the motion-tracking algorithm, which is around 0.04 mm/s in the present case. In addition, our MATLAB 2014a program takes 20 seconds to process a cineloop that lasts 100 ms with a PC (i7@2.60GHz, 12GB DDR3). Analysis of the images provides a good estimation of the ROI area and helps calculation of the mechanical parameters of soft tissues. However, in the latter a variation in the proportion of the overlap, to generate M v , can change the velocity and attenuation of SW. In addition, an R-square value higher than 0.95 is essential to make the estimated elasticity and viscosity more reliable. The depth of acquisition (30 mm to 90 mm) of the default used preset here is adequate for most applications, including phantom and pre-clinical studies (Almeida et al., 2015; Colello Bruno et al., 2014) . Here, the depth is limited to 30 mm because a minimal propagation path of 10 mm is necessary to estimate the attenuation and velocity of the shear wave by using Equations 2, 3, and 4 (Deffieux et al., 2009) .
A magnetic field with a few number of cycles and below a frequency limit of f B = 150 Hz (see Table 1 ) is sufficient for MMUS and SDMMUS to prevent the coil heating (Mehrmohammadi et al., 2011a) . Therefore, our MMUS pulse sequence satisfies the Nyquist restriction with a frame rate ~6.5 times of the Nyquist frequency and it doesn't require a frame rate above 2000 Hz. These values can be reached in a depth of acquisition lower than 90 mm with clinically available ultrasounds. This alternative can be implemented in the clinical setting more easily than parallel beamforming techniques available on more expensive hardware (Jensen et al., 2013; Kaczkowski and Daigle, 2011) .
Magnetic excitation lasting for a single cycle suffices to locate the magnetic particles and generate broadband SW. In a single-cycle configuration, tracking the ultrasound for a T US = 50 ms is sufficient to analyze MMUS and SDMMUS. Furthermore, the multiple reflections of the shear wave (which occur in the phantom walls) decrease and the overall acquisition time diminishes as compared to harmonic excitation (Almeida et al, 2015) .
According to (Oudry et al., 2009 ) the elastic property of a linear, isotropic, and incompressible material is related to the shear storage modulus μ. This approach gives μ = 14095 kPa and Young's modulus of 42285 kPa, calculated by using c g = 4.17 m/s. These values are comparable to the dynamic method described by (Vieira et al., 2013) . However, studies have already demonstrated that biological tissues are viscoelastic materials (Sarvazyan et al., 2013) . Considering paraffin as a viscoelastic material, we must use the complex shear modulus μ = μ 1 + jμ 2 of the Kelvin-Voigt model, which employs the phase velocity and attenuation coefficient as input parameters to obtain elasticity and viscosity, i.e., μ 1 and μ 2 , respectively. Gaussian filter analysis (Parolai, 2009) can be applied to estimate the attenuation coefficient and the phase velocity, to give μ 1 = 5.05 kPa and μ 2 = 2.01 Pa.s at a frequency of 100 Hz. This provides faster and easier frequency dispersion analysis than harmonic excitation (Almeida et al., 2015) . However, using magnetic excitation that lasts longer than one cycle facilitates ROE segmentation, which can be improved by applying a relative energy threshold of 30% to 50%. This improvement can help to segment a region containing a high concentration of particles that are probably aggregated.
Finally, this paper has presented a software-based platform for MMUS applications that provides an easy-to-use MMUS interface and allows quick configuration for MMUS or SDMMUS. Moreover, addressing a default preset will help future applications in the clinical setting without losing the flexibility of the MMUS system. Future works should continue the development of this platform to provide real-time MMUS/SDMMUS at low cost and focus on different applications such as the mechanical characterization of tissues, which lead to implement a new clinical MMUS imaging modality.
